Objective: To test whether decline in specific cognitive domains associated with Alzheimer disease neuropathologic change (ADNC) is modified by co-occurrence of other neuropathologies such as Lewy body disease (LBD) or vascular brain injury (VBI).
Co-occurrence of Alzheimer disease neuropathologic change (ADNC), Lewy body disease (LBD), and vascular brain injury (VBI) is prevalent in autopsied older adults. [1] [2] [3] [4] These common neuropathologies are associated with premortem decline in specific cognitive domains. 5, 6 It is unclear whether neuropathologies interact to associate with cognitive decline in those with multiple co-occurring, namely, mixed neuropathologies.
In prior studies, ADNC as measured by Braak stage of neurofibrillary tangles, LBD as manifest by cortical Lewy bodies, and VBI as represented by gross and microscopic infarcts have been associated with lower cognitive function or cognitive decline in multiple domains. 5, 7 Two studies that reported testing interactions between ADNC and LBD or ADNC and VBI did not find significant interactions in their associations with cognitive decline. 8, 9 Prior studies may have been too small to detect significant interactions. In a large multicenter sample, we previously found that LBD and VBI interacted with ADNC in associations with overall clinical progression. 10 In the present study, we used data from the National Alzheimer's Coordinating Center (NACC) on participants previously enrolled at US Alzheimer's Disease Centers (ADCs). We evaluated whether autopsied older adults with ADNC and co-occurring LBD or VBI had faster progression of impairment compared to those with single neuropathologies in 4 cognitive domains: memory, attention, language, and executive function. We tested whether the relationships between cognition and LBD or VBI were modified by co-occurrence of ADNC.
METHODS Data sources and study populations. Data came from the NACC Uniform Data Set on participants who had been prospectively evaluated, died, and were autopsied at 1 of z30 ADCs between September 2005 and September 2015. Participants were examined annually in person with a standard protocol, described in detail elsewhere. 11, 12 Neuropathologic data were collected following a standardized form on participants who died and consented to autopsy.
Autopsied participants were excluded on the basis of the following criteria: (1) rare cause of dementia such as Down syndrome, autosomal dominant genetic diseases, or frontotemporal lobar degeneration; (2) missing information on covariates or neuropathologic information on ADNC, LBD, or VBI; (3) no ADNC, LBD, or VBI but presence of other major pathologic burden such as hippocampal sclerosis, Braak stage V/VI with no/sparse neuritic plaques, frequent neuritic plaques but Braak stage 0 to II, or white matter disease; (4) presence of Braak stage V/VI with no/sparse neuritic plaques in those with LBD or VBI; and (5) no clinical visit proximal to death (last visit .2 years before death). Because participants with advanced dementia may be unable to complete neuropsychological tests, we excluded those with severe dementia at baseline, defined as a Clinical Dementia Rating Sum of Boxes score of 16 to 18. 13, 14 Participants missing all neuropsychological test scores at all visits also were excluded. Thus, 1,603 participants with at least 1 cognitive domain score remained for analyses (figure e-1 at Neurology.org).
Multiple microinfarcts may be the strongest vascular determinant of cognitive impairment, 15, 16 but number of infarcts was not collected for most participants. We abstracted additional data on the number of microinfarcts from neuropathology reports and conducted a subanalysis in ADC participants seen at the Oregon Health & Science University (OHSU) (n 5 190) and University of Washington (UW) (n 5 70) ADCs to address this limitation. These centers have a joint agreement to follow the same neuropathologic assessment protocol as part of the Pacific Northwest Dementia and Aging Neuropathology Group (PANDA). In this study, OHSU and UW ADCs are collectively referred to as PANDA ADCs hereafter.
Standard protocol approvals, registrations, and patient consents. Participants provided written informed consent, and each ADC received institutional review board approval. This study was approved by the UW institutional review board.
Neuropathologic features. ADCs follow consensus guidelines but conduct neuropathologic assessments according to their own protocols. Neuritic plaque density was defined by the Consortium to Establish a Registry for Alzheimer's Disease with scores of none, sparse, moderate, or frequent. 17 Tau neurofibrillary  pathology was measured with Braak stage: none, I to II, III/IV,  and V/VI. 18 ADNC was defined as moderate/frequent plaques and Braak stage III to VI. In a secondary analysis, we further categorized level of ADNC as intermediate (Braak stage III/IV) and high (Braak stage V/VI) among those with moderate/frequent plaques. Lewy bodies assessment and classification of LBD subtype followed guidelines. 19 We categorized LBD as present in any brain region examined or absent. Presence of any VBI was defined as any gross infarcts or cortical microinfarcts. In NACC, the presence of cortical microinfarcts (infarcts in the cortex only seen microscopically), gross infarcts, or both was recorded regardless of the age of the infarcts. In the PANDA ADCs, the number of cortical and subcortical microinfarcts was recorded separately as 0, 1, 2, 3, or 4 or more following methods developed in the Honolulu Asia Aging Study. 20 Other pathologies recorded included hippocampal sclerosis, white matter disease (subcortical leukoencephalopathy and/or white matter rarefaction), and severity (none, mild, moderate, severe) of cerebral amyloid angiopathy, atherosclerosis, and arteriolosclerosis. Participants were defined as having a low level of neuropathology if they were without ADNC, LBD, VBI, or other major neuropathologic burden.
Cognitive function in specific domains. The Uniform Data Set neuropsychological test battery comprised 8 tests (12 measures) administered at each in-person visit. 21 Cognitive function was quantified in 4 previously characterized domains: memory (episodic memory), attention (and working memory), language, and executive function. 22 Memory tests included the Logical Memory Story A immediate and delayed recall. 23 The attention domain included Digit Span Forward and Backward tests. 23 Language tests included animals and vegetables list generation 24 and the Boston Naming Test. 25 The executive function domain was measured by the Digit Symbol 26 and Trail Making Test Parts A and B. 27 To create domain-specific scores, tests were converted into z scores and averaged. The z scores were calculated by subtracting individual raw scores from the mean and dividing by the SD of scores at the initial visit for all autopsied and nonautopsied participants. Scores for each domain can be interpreted as the units of SDs from the baseline average score in all NACC participants. If $1 test was missing, the corresponding domain was considered missing for that participant's visit.
Covariates. Demographic characteristics included in the analyses were age, sex, education, and race/ethnicity, as well as ADC. History of comorbidities such as stroke was evaluated during each clinical visit. APOE genotyping was performed on consenting participants. APOE e4 allele status was classified as at least 1 or none. At all ADCs, either a single clinician or a consensus group of clinicians made a diagnosis at each visit of normal cognition, impaired but not mild cognitive impairment, mild cognitive impairment, or dementia.
Statistical analyses. To model longitudinal trends in cognitive domains and to test associations with neuropathologies, we used multivariable regression modeling via linear mixed-effects models following methods previously described. 10 Briefly, the primary outcome was the z score for each cognitive domain at each visit, modeled as a continuous measure. Models included random intercepts for both participants and ADC and random slopes for participants. Primary predictors were dichotomous variables for ADNC, LBD, VBI, and time. Interaction terms between time and each primary neuropathology term and 3-way interactions of ADNC 3 LBD 3 time and ADNC 3 VBI 3 time investigated differences in mean annual rate of change in each domain score by neuropathology groupings. Empiric plots with natural cubic splines for time suggested that change in domain scores over time was approximately linear. Because of concern that trends were driven by those with dementia at enrollment but may differ in less severe clinical stages, we also examined estimates of decline in those without dementia at baseline (n 5 704). Because the findings did not differ substantially and the sample size was small, we present findings for the overall sample. Primary models included adjustment for potential confounders: age at death, sex, race/ethnicity, education, and interval between last visit and death. In a secondary analysis, we examined whether any significant interactions between ADNC and LDB or VBI differed by severity of ADNC. In this model, interactions with LBD or VBI were assessed for intermediate and high ADNC separately. In PANDA participants, we reran models with number of cortical and subcortical microinfarcts separately as primary predictors in place of the dichotomous measure of VBI. Finally, because participants may have missing data due to severe impairment, we conducted a sensitivity analysis to evaluate the effect of missing data on our primary findings. We reran primary analyses with missing test scores imputed with the worst possible score if the participant had severe dementia (Clinical Dementia Rating Sum of Boxes score 5 16-18) or if a cognitive or behavior problem was listed as the reason for missing data. In an attempt to account for potential selection bias due to studying only autopsied participants, we used inverse probability weighting. 28 This allowed us to generalize findings back to the overall study sample. 29 Biascorrected and accelerated bootstrap confidence intervals were calculated to reflect uncertainty attributable to the estimated weights. 30 Analyses were conducted with R (version 3.2.1). 31 All tests were 2 sided with a 5 0.05.
RESULTS Participant characteristics. Among 1,603 autopsied Uniform Data Set participants, the mean age at death was 83.0 years (SD 9.9 years), the average interval between last clinical visit and death was 9.4 months (SD 6.1 months), and the median followup of participants with $2 clinical visits (n 5 1,374) was 3.3 years (interquartile range 2.1-5.1 years). The number of participant visits that contributed to analyses for each cognitive domain score is shown from the last visit backward (table e-1) . ADNC, LBD, and VBI and their co-occurrence were prevalent findings at autopsy (figure 1); 65.8% of participants had ADNC, of whom 36.7% had cooccurring LBD and 29.6% had co-occurring VBI. Characteristics of participants grouped by ADNC, LBD, and VBI neuropathologies are described in table 1. Unadjusted initial and last visit cognitive domain scores differed significantly by neuropathology grouping (all p , 0.001 with Kruskal-Wallis tests). Relatively few participants had LBD 1 VBI or ADNC 1 LBD 1 VBI; these groupings were not examined separately in analytic models.
Associations with cognitive domains. Participants with ADNC 1 LBD were generally the most impaired across follow-up in all domains, especially for attention and executive function (figure 2); differences in memory and executive function were present even 4 years before death. Participants with ADNC 1 VBI had trajectories similar to those with ADNC only, although they were slightly less impaired by the last visit in memory, attention, and language (figure 2); differences in memory were present up to 4 years before death. Trajectories across follow-up were worse for those with any ADNC (single or mixed) compared to those without ADNC. Rates of decline by neuropathology grouping and estimated interactions between ADNC and LBD or VBI are shown in table 2 for each cognitive domain. Rates of decline were the fastest for ADNC 1 LBD in all domains but memory. Participants with ADNC 1 LBD and ANDC 1 VBI tended to have slower estimated rate of decline than would be expected in an additive model in which each pathology contributes to decline independently. Only the interactions between ADNC and LBD for memory and ADNC and VBI for language were significant. In secondary models using a categorical measure for ADNC level, these interactions were found for those with high ADNC (p 5 0.03 for ADNC 3 LBD for memory and p 5 0.06 for ADNC 3 VBI for language), not intermediate ADNC (p 5 0.5 for ADNC 3 LBD for memory and p 5 0.6 for ADNC 3 VBI for language). Cognitive and behavior problems were listed as the primary reason for missing neuropsychological test scores (table e-2). Findings were similar in models that did not include weighting for autopsy selection and in models with missing neuropsychological test scores imputed as the worst score, although rates of decline tended to be slightly faster than in primary models (table e-3). Microinfarcts and cognitive domains in PANDA ADCs.
Autopsied PANDA ADC participants (n 5 260) were slightly older with a lower prevalence of dementia than other NACC participants but a higher prevalence of VBI (table e-4). ADNC was present in 48.0% of participants; 19.5% had co-occurring cortical microinfarcts, and 33.3% had co-occurring subcortical microinfarcts. Decline in memory, language, and executive function (but not attention) was faster for those with increasing number of cortical and subcortical microinfarcts without ADNC compared to those with low neuropathology (table 3) . Among those participants with ADNC, microinfarcts generally were not associated with faster decline. There was a trend for faster decline in those with ANDC 1 cortical microinfarcts compared to those with ADNC only for attention and language.
DISCUSSION We examined late-life trajectories of memory, attention, language, and executive function in participants with single and mixed neuropathologies. We allowed for interactions between neuropathologies in estimating trajectories, and we focused on combinations of ADNC, LBD, and VBI. Impairment preceding death was greatest for those with ADNC 1 LBD in all domains, especially executive function and attention. We found significant antagonistic interactions between ADNC and LBD in association with decline in memory and between ADNC and VBI in association with decline in language. These interactions, in which decline was slower than expected by an additive model, were limited to those with high ADNC in secondary models. Pathologies were associated in an additive manner for those with intermediate ADNC. Increasing number of both cortical and subcortical microinfarcts was associated with faster decline in memory, executive function, and language compared to those with low neuropathology. However, trajectories of those with ADNC 1 VBI or ADNC 1 microinfarcts tended to be similar or slightly slower than the trajectories for those with ADNC only. Together, these findings suggest that although ADNC, VBI, and LBD are individually associated with decline in multiple cognitive domains, cooccurring pathologies do not always act additively on the rate of decline in those with multiple pathologies. Similar to our previous findings on overall clinical progression, 10 we found unexpected antagonistic interactions between ADNC and LBD or VBI. In secondary models, interactions were limited to those with high ADNC, and trajectories were diverged further between those with mixed and single pathologies in those with intermediate ADNC. Although we cannot infer whether LBD or VBI biologically interacts with ADNC, our findings may suggest that ADNC clinically overwhelms the effect of additional neuropathologies in those with high ADNC. In other studies involving participants with dementia and high ADNC, decline was similar in those with single or mixed pathologies. 32, 33 Community-based studies that reported testing interactions have not found significant interactions between ADNC and LBD 8 or ADNC and VBI, 9 perhaps because of smaller sample sizes or study sample differences.
We found several patterns that differed between single and mixed pathologies. All participants with ADNC were more severely impaired across followup than those with low neuropathology, VBI only, or LBD only. Those with ADNC 1 LBD had worse impairment, especially in attention and executive function. Meanwhile, those with ADNC 1 VBI had slower decline in attention and language and less impairment in memory than those with ADNC only or ADNC 1 LBD, suggesting that they had a less severe clinical disease course proximal to death. This may be the result of selection against those with significant cerebrovascular disease at enrollment and because those with co-occurring VBI tended to have lower levels of ADNC. 33 Findings in PANDA ADC participants and other studies 7, 20, 34 suggest that associations with decline may be detectable only in those with multiple VBIs, particularly multiple microinfarcts. However, in this study, rates of decline between those with and without microinfarcts generally were similar among those with ADNC. Additional research may be needed to further investigate the effect of cumulative VBI in ADNC. Community-based studies have found mixed neuropathologies, in general, to be positively associated with dementia. 1, 2, 4, 35 This study has limitations. Level of cognitive impairment differed between pathology groupings at enrollment, but because time in our analysis was modeled backward from the last visit, we were limited in ability to account for these differences. Most participants enrolled with dementia, but we did not find evidence for different trends in those without dementia at baseline. However, studies with follow-up from symptom onset may show further divergence in rates Figure 2 Model-based population mean trajectories of cognitive domain z scores: (A) memory, (B) attention, (C) language, and (D) executive function There were significant interactions (A) between LBD and ADNC for memory (p 5 0.046) and (C) between VBI and ADNC for language (p 5 0.03) in which decline was slower than expected if these neuropathologies acted additively on the rate of decline. ADNC 5 Alzheimer disease neuropathologic change (moderate/frequent neuritic plaques and Braak III-VI); LBD 5 Lewy body disease (Lewy bodies in any brain region examined); low NP 5 low neuropathology (no ADNC, no VBI, no LBD, and no other major neuropathologies); VBI 5 vascular brain injury (any gross infarcts or cortical microscopic infarcts).
of decline, similar to findings in those with intermediate ADNC, or nonlinear trends, as found in another study. 36 However, trajectories can be interpreted with respect to last visit because all participants are anchored to death. We used composite domain scores; this reduces but does not eliminate potential for floor/ceiling effects in estimated rates of decline. In addition, because the number of observations differed between domain scores, comparisons of specific values between domains may not be appropriate. Many participants were missing data on neuropsychological test scores once they developed severe dementia. However, we used a modeling approach, linear mixed-effects modeling, which is valid when missingness can be predicted entirely on observed variables (i.e., missing at random). 37, 38 In addition, results of our sensitivity analyses were similar to those of primary analyses. Because neuropathologic assessments are conducted at autopsy, findings may not reflect the burden of neuropathology when clinical progression was measured; participants without a clinical visit proximal Table 2 Estimated annual change in cognitive domain z scores by neuropathologies low NP 5 no ADNC, no VBI, no LBD, and no other major neuropathologies; and VBI 5 gross infarcts and cortical microinfarcts.
b Based on models with adjustment for age at baseline, sex, nonwhite race, years of education, and interval between last visit and death and weighted by inverse probability of autopsy selection. A negative value corresponds to decline in cognition over time.
to death were excluded, which may help reduce this issue.
The study also has strengths. We used a large dataset of standardized clinical evaluations that enhanced power to detect statistical interactions. Our modeling approach allowed us to characterize average differences in overall trajectories before death between participants with mixed neuropathology and those with individual neuropathologies. We used standardized composite measures of cognitive domains to identify patterns of functioning associated with different neuropathology groupings. We conducted a variety of sensitivity analyses to assess model assumptions and to explore potential biases. We also investigated associations of microinfarcts in PANDA ADC participants whose brains underwent the same neuropathologic assessment protocols. Finally, we attempted to account for potential selection bias due to autopsy sampling.
Rates of decline in memory, attention, language, and executive function were associated with specific neuropathologic groupings. Trajectories of those with single and mixed neuropathologies differed from those of individuals with ADNC only across multiple domains. Those with ADNC 1 LBD tended to have faster decline and impairment across follow-up in attention and executive function. Baseline performance was worse for those with ADNC 1 LBD, more in executive function compared to other domains, which could have affected estimated trajectories. Future studies using antemortem biomarkers are needed to verify these patterns. In some domains, decline in those with mixed ADNC was slower than would be expected by additive or independent models, especially in those with high ADNC. The effects of additional neuropathologic burden may vary across the continuum of ADNC. These findings highlight complex but broad associations of common neuropathologies with cognitive decline in individuals with single and mixed neuropathologies.
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